Abstract-We report the development of a polarization insensitive all fiber 2 2 2 acoustooptic switch based on twisting the waist of a null taper coupler. The polarization insensitivity is better than 0.2 dB, the device requires a drive power of <1 mW, and exhibits a switching time of <50 s and insertion loss of 0.1 dB.
R
ECENTLY a new type of acoustooptic device based on four port null taper couplers has been demonstrated, and has been shown to be efficient as an optical switch, frequency shifter and tunable filter [1] - [3] . The coupler is a special type made from two fibers with diameters so mismatched that it does not actually couple any light. Light input via one fiber excites just the fundamental mode in the narrow waist of the coupler whereas light input via the other fiber excites just the second mode. In both cases the light propagates along the waist and returns to the original fibers at the output end of the coupler. However, in the case that a flexural acoustic wave propagates along the coupler, it causes a periodic refractive index perturbation in the waist. If a resonance condition is met (the acoustic wavelength matches the optical beat length between the modes) then light can couple between the modes. The main advantages of the null coupler are that it is a monolithic four-port device with a low-insertion loss, lowdrive power requirement and a high-conversion efficiency when compared to other acoustooptic devices [4] , [5] . The devices demonstrated so far, however, have been shown to be strongly polarization dependent and this effect has to be suppressed for the device to be practical. In this paper we show that polarization sensitivity can be overcome by twisting the waist of the null coupler. The effect is attributed to a combination of ellipticity of the taper waist and the requirement that the polarization beat length between the higher order modes exceeds the twist pitch. The fact that both of these conditions are violated for taper waists having a diameter 6 m means that the technique is not suitable for narrow band filters and frequency shifters, but is suitable to overcome the problem of polarization dependance when used as a broadband switch. In a single-mode fiber, birefringence arises from the difference in the propagation constants of the two orthogonally polarized fiber modes. This difference is caused by a combination of core ellipticity (form birefringence) [6] and an associated thermal stress asymmetery (stress birefringence) [7] . One solution to overcome the problem of birefringence in single-mode fibers has been to spin the preform [8] , [9] during fiber drawing to impart a permanant twist to the fiber and thus restore an average circular symmetery to the waveguide structure. If the spin rate, (rad/m), is large compared to the birefringence, (rad/m), the magnitude of the birefringence oscillations becomes negligibly small and the apparent birefringence becomes [8] : (1) where is the twist induced birefringence (rad/m) given by and where is the proportionality constant for twist induced optical activity and has the value of 0.073 for silica. In the case of a null coupler, the dominant effect giving rise to the polarization splitting is different. For a null coupler, there exists a large refractive index variation (silica to air) across the waveguide and this means that the taper waist is not weakly guiding, unlike the familiar core-cladding waveguide previously described. Whilst ellipticity and thermal stress are contributing factors to the birefringence, the principal effect is attributed to the change in value and which is determined by the waist of the null coupler. Nevertheless, it is anticipated that the effect of birefringence in a null coupler can be overcome by twisting the coupler after fabrication.
An acoustooptic device based on a null coupler was made using standard telecommunications fiber, with a diameter of 125 m. The coupler was made by stretching two fibers together in an oxybutane flame, and where one fiber had initially been pretapered to a diameter of 90 m. For the chosen acoustic frequency of 1 MHz, the required waist diameter can be calculated as 12.7 m [1] . The final coupler waist was 8-mm long, had an excess loss of 0.1 dB and a maximum splitting ratio of 1:1000. The acoustic wave was generated by a piezoelectric (PZT) disk driven by a RF electrical supply and was coupled to the fibers by a conical horn. For an electrical drive power of 1 mW, the conversion efficiency was 98%.
For the untwisted device the output spectra versus wavelength are shown in Fig. 1 . The throughput spectrum reveals two principal dips, and the coupled spectrum two peaks at the same corresponding wavelength. The spacing of 60 nm between the peaks, implying a beat length of 9 mm between the polarization states, is close to the expected polarization 1041-1135/97$10.00 © 1997 IEEE splitting of 50 nm. The side peaks are attributed to lack of uniformity along the final interaction length. Consequently, when twisting the 8-mm fused interaction length of the null coupler by a number of turns, the twist pitch becomes short compared to the polarization beat length and (1) holds. This effect is illustrated in Fig. 2 , where the wavelength dependence of the device when twisted by two revolutions is monitored. For this case, the output spectra reveal a single 50-nm bandwidth dip for the throughput and a corresponding single peak for the coupled light at an intermediate value in relation to the polarization states in Fig. 1 .
Confirmation that the device is polarization insensitive was achieved by first launching laser light at 1550 nm through a polarization controller and bulk-optic half-wave plate, and then monitoring the light output via the throughput and coupled output ports at a detector. The effect of polarization sensitivity for the untwisted device is shown in Fig. 3(a) . Rotating the half-wave plate by 45 reduces the coupled output light by 17 dB on account of exciting the orthogonal polarization state. However, in the case that the device is first rotated by two revolutions of twist, Fig. 3(b) , light monitored at the coupled output port is reduced only by 0.2 dB and indicates the polarization insensitivity of the device. In order to illustrate the null coupler as a polarization independent switch, the acoustic drive frequency was first tuned from 1 to 1.01 MHz such that the resonant wavelength in Fig. 3 was 1550 nm. The time response of the switch, Fig. 4 , was measured by modulating the RF drive with a square wave. The switch changes state in 40 s, which compares well with the 46 s predicted in [1] . The time lag between the RF signal and the start of switching is the time that the acoustic wave takes to travel from the transducer through the horn and along the fibers to the coupler. The net effect is a time delay of 100 s between the electrical signal and the completion of optical switching. Any fluctuation in the output on account of rotating the half-wave plate and thus exciting the orthogonal polarization state was less than 5% in all cases.
We have demonstrated for the first time a polarization independent acoustooptic device based on a null coupler. It has been shown that by twisting the fused interaction region the polarization sensitivity is reduced typically from 17 to 0.2 dB. The device has a low-drive power requirement, low-insertion loss and a conversion efficiency of 100%, and there is no performance degredation attributed to twisting the waist of the final device. It is likely that the effect will be restricted to waist diameters 10 m, otherwise the requirements of the polarization beat length being greater than the spin pitch, and a non circular waist are difficult to satisfy. However, for switching applications where frequency shifts 2 MHz are sufficient, it is thought that twisting will prove fundamental in order to overcome the problem of polarization sensitivity.
